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Abstract

We perform an analysis of the predictions of several supersymmetric Grand Unified Theories (GUTs) for

Dark Matter and the measurements of the muon anomalous magnetic moment (muon g — 2) consistent

with possible Lepton Flavor Violating (LFV) signal in charged lepton decays. Each GUT predicts different

Dark Matter (DM) scenarios, which can be used to classify SUSY models and contrast their predictions with
experimental evidences. We find that models arising from SU(4). x SU(2); x SU(2)r can predict DM of
cosmological interest while explaining the observed value of the muon g — 2. Furthermore, we show that

when this framework is extended with a simple type 1 seesaw mechanism to explain neutrino masses,

many models also predict charged LFV decays that can be observed in current experiments.
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1. INTRODUCTION

Despite the success of the Standard Model (SM), it cannot be
considered the definitive theory of fundamental interactions.
For instance, it cannot explain some of the top problems in
the current Particle Physics, such as the observed neutrino fla-
vor oscillations, and also cannot provide a suitable Dark Mat-
ter (DM) candidate to explain its cosmological evidence [1, 3].
Moreover, theoretical issues, such as the hierarchy problem
and unification of the fundamental interactions, have moti-
vated searches for fundamental theories in which the SM arises
as a low energy approximation. In particular, Supersymmetric
(SUSY) extensions of the SM [5] predict the unification of the
three fundamental SM interactions at a high energy scale called
Mgur.- At this scale, it is possible to postulate [6, 7, 8] that the
SU(3), x SU(2)p x U(1)y arises after the breaking of a higher
symmetry that unifies the three interactions and it is operative
from Mgyt to a scale Mx where gravity also unifies with the
other interactions.

SUSY contributions to phenomena predicted by the SM can
also provide a solution to discrepancies between SM theoretical
values and their experimental measurements. This is the case of
the BR(b — s7) [9] and the value of the muon anomalous mag-
netic moment (hereafter muon g — 2) [10, 11, 12]. Regarding
the latter, Fermilab has recently provided a new experimental
value for muon g — 2, which deviates from the SM prediction
by 3.3¢ [13]. By combining this discrepancy with the previous
measurements at the Brookhaven National Laboratory [14], the
following world average in the muon ¢ — 2 measurements is

obtained:
Aay = a;P — M = (251 £59) x 107 1)

This new world average points to a 4.20 deviation from the
SM predictions [15, 16, 17].

Besides the contribution to the SM processes, SUSY can
also explain rare processes forbidden by the SM and there-
fore, which can be considered a signal for new physics. Among
those, the violation of the leptonic flavor (LFV) is one of the
most interesting problems from both theoretical and experi-
mental points of view [18]. The current bounds on LFV rare
decays of leptons [19] are very restrictive:

BR(i — ey) < 5.6 x 10713,
BR(T — uy) < 44x1078, )
BR(T — ey) < 3.3 x 1078,

However, they are very interesting from the theoretical
point of view since they can be associated with the observed
neutrino flavor oscillations [20, 21, 22, 23, 24, 25]. Moreover,
these decays can be also correlated with muon g — 2 problem
since their computation involves the same kind of particles and
interactions as those in the SUSY contribution to the muon g — 2
[26].

In this presentation, we will compare several GUT scenar-
ios. Predictions from GUT’s preserving the discrete LR sym-
metry on the soft SUSY-breaking terms (SSB) such as SO(10)
or SU(4), x SU(2)L x SU(2)g (4-2-2 for short) presented in
[29, 30] are confronted with the LR violating the 4-2-2 frame-
work of [27]. We find that in the 4-2-2 scenario it is possible to
find models that can explain the muon g — 2 problem at the
same time as providing good DM candidates. Furthermore, we
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FIGURE 1: The leading contributions to the muon g — 2 through
neutralino and chargino loops. The cross in the top-left diagram
denotes the chirality flip between the left- and right-handed
smuons, while the dots in the other diagrams represent the mix-
ing between different Neutralino species. In the top-right dia-
gram, there is another loop which is formed by the particles
given in parentheses.

discuss that by extending the model with the simple seesaw
mechanism used in [29, 30], it is possible to study the LFV pre-
dictions of models that solve simultaneously the problems of
the DM and the muon g — 2. The presentation is organized as
follows: we discuss the SUSY contribution to muon g — 2 in
Section 2, the relation between the GUT models and the DM
candidates in Section 3, and the predictions of the model pre-
sented in [27] in Sections 4 and 5 and leave the last section for

conclusions.

2. SUSY CONTRIBUTION TO MUON g — 2

The SUSY contribution to the muon g — 2 at one loop arises
from the diagrams in Figure 1. The upper left one is respon-
sible for the dominant contribution to muon g — 2 that can be
approximately computed by the expression [31]:

AaBﬁL.ﬁR ~ g% m%‘ME (;M tanﬁ B A”) F m%L mlsz (3)
T 1en? m2 m2 Mz M2 )7
AL fir B B
where
Fn(xy)
C oy -3+x+y+xy 2xlog(x) ~ 2ylog(y) } ‘
(x—=1)2(y-1)2  (x—y)(x-1)3 (X*y)(y*1)3(4)

The remaining diagrams in Figure 1 are suppressed by the
small Yukawa couplings of the lighter generations. The SUSY
contribution to the muon g — 2 decreases as the SUSY spec-
trum gets heavier. Therefore, it can account for the discrepancy
when the masses of the SUSY particles are relatively small. In
contrast, the main SUSY contributions to the Higgs boson mass

[32] are
Mg A | AL 6}
= ) 2 2

16720% sin® p Mgysy | Msusy 5)
4.2 3 4.2 3
VU~ o WAy | YT o A

+ 16b712 sin 'BM4 4§n2 sin” B 4T,

SUSY mz

where Msysy = /my, T, . The above contribution requires rel-
atively large squark masses to accommodate a Higgs boson
mass of about 125 GeV while equation (4) shows that the SUSY
contribution to muon g — 2 is enhanced with light sleptons.
Therefore, there is a tension between the desired muon g — 2
contributions and the measured SM-like Higgs boson mass. In
some extensions of the SM, D-term contributions to the Higgs
boson mass can improve the situation [33]. However, in SUSY
models with flavor blind soft terms, this tension is difficult to
be relaxed since a correct prediction of the Higgs boson mass
requires large 3rd generation squarks while the muon g — 2
can be solved for low 2nd generation sfermion masses. How-
ever, when the MSSM is embedded into a GUT, symmetries
of the unification group can impose relations among the soft
terms that may relax this tension. For instance, we can assume
that the soft masses assigned to SUSY partners of fields de-
pend on the representation of the group to which they belong
[38, 39, 40]. Moreover, the conditions imposed by the symmetry
on the gauge unification may also relax the gaugino mass uni-
fication at the GUT scale. Therefore, the GUT splitting of the
gaugino mass is translated by the renormalization group equa-
tions (RGEs) to a further splitting among squarks and sfermion
that may also help to solve the tension between the two contri-
butions. In the next section, we present two examples of these
GUTs [28]: a minimal SO(10) where we consider nonuniversal
soft masses for the Higgses mass terms at the GUT scale and a
4-2-2 model where in addition to those the gaugino mass unifi-
cation is released.

3. GUT MASS RELATIONS AND DM
CANDIDATES

Theories that combine supersymmetry with a unification sym-
metry group for the fundamental interactions (GUTs) require
the breaking of the two symmetries. SUSY can be broken by a
mechanism that generates flavor blind soft masses to the su-
perpartners at an energy scale My, while the GUT group is
broken to the SM symmetry at a lower scale Mgyt. Between
the two scales, renormalization can induce flavor dependence
on the soft terms. However, since the GUT symmetry is still ac-
tive, particles belonging to the same representation still have
common soft masses at Mgyrt. In terms of a common soft mass
myg for scalars, we assume that at Mgyt particles belonging
to a representation r have this mass modified by a factor x;.
This factor accounts for the renormalization effects from My to
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Mgyt and other possible contributions from the specific pat-
tern of the symmetry breaking of the GUT symmetry or addi-
tional flavor symmetries. Therefore,

my = Xymy, (6)
while the trilinear terms are defined as

Ay =Yy Ay, Ag = agmy. (7)

Here, Y; is the Yukawa coupling associated with the r repre-
sentation. We use the standard parametrization, with a4y being
a dimensionless factor, which we consider as representation in-
dependent.

In this section, we will apply the idea presented above to
two simple symmetry groups, where the symmetry can be used
to explain non universality either on the scalar masses (SO(10))
or on the gaugino mass terms (4-2-2) [28].

(i) SO(10)

A simple unification scheme arises within an SO(10) GUT, in
which all quarks and leptons are accommodated in the same
16 dimensional representation, leading to left-right symmetric
mass matrices. We do not consider any particular pattern for
the breaking of the GUT symmetry; we just assume that the up
and down MSSM Higgs bosons are in a pair of 10-dimensional
representations. This assignment determines sfermion mass
matrices and beta functions and results in a common mass for
all sfermions and two different Higgs masses mj, and m;,,.
Therefore, in addition to the universal SSB parameters of mod-
els like the Constrained MSSM (CMSSM), we introduce two
new parameters, x,, and x4, defined as

myg =mo, My, = XyMie, MH, = XM ®)
Similarly, the A-terms are defined as
A1 = ag - my. )

(ii) 4-2-2

Here, we will focus on a left-right symmetric 4-2-2 model [34,
35] that will be called symmetric LR 4-2-2 or sLR 4-2-2, leaving
the discussion of a more general case, without LR symmetry
(aLR 4-2-2), for the next section. We use this simplified model
to reduce the number of free parameters such that its results
can be more directly compared with the ones of SO(10). In this
case, the gaugino masses associated with SU(2); and SU(2)gr
are the same, while the gluino mass, associated with SU(4)c,
can be different.

The relations among soft terms are the following:

(i) Gaugino masses: the hypercharge generator from 4-2-2
implies the relation

= = — . 1
My 5M2+5M3 (10)

(ii) Soft masses: all sfermions are accommodated in a 16-
representation and have a common mass my4 = mg. The
Higgs fields are in a 10-dimensional representation with
D-term contributions that result to m%{m = m%o + 2M12).
In our notation, these values are

mg, mpy,
=", ry = —2, (11)
mMie mie

withr, <ry.

In our computations, we assume a common unification
scale Mgyt defined as the meeting point of the g; and g
gauge couplings. The GUT value for g3 is obtained by requiring
as(Mz) = 0.118. Above Mgyt, we assume a unification group
that breaks at this scale. We perform a parameter space scan us-
ing, as a guide, the representation pattern at the GUT scale for
soft scalar terms. For this purpose, we extend the CMSSM uni-
versal scenario through nonunified soft terms, consistent with
the representations of SO(10) and 4-2-2.

The GUT mass relations can lead to different SUSY mass
spectra, depending on the unification group. These relations
determine the composition of the LSP and also the nature of
the NLSP, since the relic density constraint [3]

O, h? = 0.1186 + 0.0031 12)

imposes strong conditions on the DM candidate. These condi-
tions can be used to classify the different LSPs in models that
can satisfy this bound. For instance, in the MSSM, the most
common mechanisms to satisfy the relic density condition are
as follows.

(i) Higgsino DM: /iy > 0.1, [ma — 2my| > 0.1m,. Here, the
parameter /1 is the Higgsino fraction of the lightest neu-
tralino mass eigenstate defined as iy = [Ni3|® + [Ny |?,
where Nj; are the elements of the unitary mixing matrix
that correspond to the Higgsino mass states.

(ii) T — x coannihilations: iy < 0.1, (mz —my) < 0.1my.
(iii) A/H resonances: [my — 2m,| < 0.1m,.

The relation of parameters imposed by SU(5) allows further
coannihilation mechanisms:

* T — ¥r — x coannihilations: iy < 0.1, (mz —my) <

0.1my, (my, —my) < 0.1my.

The sLR 4-2-2 model introduces a relation among gaugino
masses and LR asymmetry that leads to new kinds of coannihi-

lations:

(i) X* — x coannihilations: /iy < 0.1, (mg+ —my) < 0.1my.
In this case, the Higgsino component in the LSP is small,
but the lightest chargino is light and nearly degenerates
with the bino-like neutralino.
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(ii) § — x coannihilations: hf < 0.1, (mg —my) < 0.1my.
In this case, the gluino can be relatively light and nearly
degenerate with the bino-like neutralino.

(iii) f; — x coannihilations: hy < 0.1, (mg, —my) < 0.1my.
Small values of M3 can contribute to decreasing the stop
masses, thus allowing stop coannihilations.

To produce Figures 2 and 3, we perform runs with soft
terms up to 10 TeV and a parameter range summarized as fol-
lows:

100GeV < mg < 10TeV,
50GeV < M; < 4TeV,
50GeV < M; < 4TeV,
—10TeV < Ap < 10TeV,
2 <tanfB < 65,
-19<x, <15,
0<x;<34,

xu < Xxg4.

In the case of SO(10), we consider M; = M, = M3, while
in the sLR 4-2-2 scenario, the relation in equation (10) is as-
sumed. For our analysis, we use the search method described
in [28] to select SUSY models that satisfy the bounds listed as
follows:

my, = 123-127 GeV,
mg > 2.1TeV (800GeV if it is NLSP),
08x107? <BR(Bs —» p"pu~) <62x1077(20),  (14)
2.99 x 107* < BR (B — Xsv) < 3.87 x 107 (20),
0.114 < Qcpmh?® < 0.126.

In Figures 2 and 3, we can see that a few models can solve
the ¢ — 2 problem but only within 3 — ¢. In the case of SO(10),
these models present T — x coannihilations while in the sLR 4-
2-2 framework also models with ¥ — x coanihilations can en-
ter in the region. Despite the fact that the 2 — ¢ level for the
muon ¢ — 2 is not reached in any model, the sLR 4-2-2 case
shows a larger contribution to the muon g — 2. This can be at-
tributed to the fact that 4-2-2 GUT allows larger values for M3
than the SO(10). Consequently, the mass difference between
leptons and stops induced by the RGEs is larger in the sLR 4-2-
2 cases, and therefore, the tension between the muon g — 2 and
the correct prediction to the Higgs boson mass is ameliorated.

Figures 4 and 5 present the gluino mass versus the LSP
mass predicted in the SO(10) and the sLR 4-2-2 scenarios, re-
spectively. The red line represents the combined line obtained
with the LHC bounds based in simple models [36]; it can be
considered an indication on the range of parameters that can be
explored by the LHC. We can see that models in sLR 4-2-2 sce-
nario present larger gluino masses due to the fact of allowing
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FIGURE 2: Prediction for muon g — 2 versus m, in SO(10) frame-
work. The red lines denote the 3 — ¢ bounds for the experi-
mental discrepancy of Aa, with respect to the SM prediction.
Different symbols and color codes are assigned to each class of
models, and this notation is maintained in the rest of the plots:
Turquoise dots stand for Higgsino DM, brown crosses for A/ H
resonances, and orange plus for ¥ — x coannihilations.
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FIGURE 3: Prediction for muon g — 2 versus m, in sLR 4-2-2
framework. The red lines denote the 3 — ¢ bounds for the ex-
perimental discrepancy of Aa, with respect to the SM predic-
tion. Different symbols and color codes are assigned to each
class of models, and this notation is maintained in the rest of
the plots: Turquoise dots stand for Higgsino DM, black plus
for )(i — x coannihilations, brown crosses for A/ H resonances,
blue crosses for f — x coannihilations, orange plus for 7 — x
coannihilations, and green triangles for § — x coannihilations.

a GUT splitting on gaugino masses. The same reason explains
the possibility of models with gauginos as the NLSP. As we ex-
plain before, large gluino masses favor the fitting of the muon
g — 2 observations in SUSY models; however, the preservation
of LR symmetry in the presented sLR 4-2-2 scenario equation
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FIGURE 4: Plane mg; — m, for the SO(10) scenario. The colors
represent the same models as in Figure 2. We denote now in
green the models compatible with the muon g — 2 measure-
ments within 3 — ¢. The red line set the bounds of the parame-
ter space at the reach of the LHC [36].

(16) does not allow very large values for gluino masses while
keeping the masses of bino and wino below the TeV scale. In
the next section, we will analyze the effect of the breaking of
the LR symmetry in a scenario with a different realization of
the 4-2-2 symmetry.

4. MUON g — 21N A 4-2-2 MODEL
WITHOUT LR SYMMETRY AND
HEAVY GAUGINOS

We have shown in the previous section that by relaxing the
gaugino mass unification condition at the GUT scale it is pos-
sible to increase the size of the SUSY contribution to the muon
(g — 2). In this section, we will introduce another possible re-
alization of the 4-2-2 symmetry allowing models that can con-
ciliate the theoretical prediction and the experimental findings
within 1 — ¢. This scenario [37] allows larger gaugino masses
and also breaks the LR symmetry at the GUT level. In order
to distinguish it from the sLR 4-2-2 presented in the previous
section, we will refer to it as the aLR 4-2-2.

In the case of the aLR 4-2-2, the breaking of 4-2-2 to the
MSSM gauge group leaves intact the hypercharge generator Y,

3 2
Y = \/;131{ + \/;(B - L), (15)

where I3z and B — L represent the diagonal generators of

where

SU(2)g and SU (4)., respectively. Consequently, we can assume
arelation among the three SSB gaugino masses at the GUT scale
given by
3 2
My = zMap + =My, (16)
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FIGURE 5: Plane mg — my for the sLR 4-2-2 scenario. The colors
represent the same models as in Figures 3 and 4.

where Mg and M, denote the gaugino mass terms for SU(2)r
and SU (4)c, respectively, and Mz = My at Mgyr. In this model,
the LR breaking in the gaugino sector can be parametrized as
Mpr = yrrMp, where My = M, is the SSB mass of SU(Z)L
gaugino. These relations allow values for M3 much larger than
the models in the previous section. Therefore, the nonuniver-
sality of the gaugino masses helps to relax the tension between
the supersymmetric contribution to the muon g — 2 and the one
to the Higgs mass. In addition, the broken LR symmetry im-
plies different GUT masses for the soft left- and right-handed
matter scalar masses which can be quantified as mg = xprmy,
where mp (mp) denotes the SSB mass of the right-handed (left-
handed) fields. As in the previous models, the boundary con-
ditions for the SSB mass terms also involve nonuniversal mass
terms for the MSSM Higgs fields.

The values for the input parameters at the GUT level used
for the aLR 4-2-2 model described above are

0<mp <5TeV,
0 < My <5TeV,
-3 < M3 <5TeV,
-3 < Ag/mp <3,
1.2 <tanf < 60, (17)
0<xr<3
-3 <yr <3,
0<x <3,
—1<x, <2.

After performing an RGE run as described in the previous
section and imposing the constraints in equation (14), our re-
sults are displayed in Figures 6, 7, and 8. The figures display
models that satisfy EWSB and present a neutralino as the LSP.

Figure 6 shows that most of the models tested are excluded due
to their low prediction for m;,. However, we find that some of
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FIGURE 6: The Aa, — my, planes for models obtained in the
aLR 4-2-2 scenario. All solutions are compatible with the
REWSB and LSP neutralino conditions. The green points are al-
lowed by the mass bounds and constraints from rare B-meson
decays. The red points form a subset of green and they sat-
isfy the Planck measurements on the relic density of LSP neu-
tralino within 5¢. The horizontal solid, dashed, and dotted lines
bound the regions which accommodate the muon g — 2 resolu-
tion within 1c, 20, and 37, respectively.

the points that satisfy the constraints in equation (14) can also
explain the muon g — 2 within 1 — ¢. Moreover, we find also
many models (red dots) that can satisfy the Planck bounds on
the relic density of LSP neutralino within 5 — ¢.

It is interesting to compare the values of the gluino masses
for the aLR 4-2-2 model in Figure 7 with the predictions of
the SO(10) and sLR 4-2-2 of Figures 4 and 5 from the previ-
ous section. In the aLR 4-2-2 framework, the new GUT rela-
tions for the gaugino masses push M3 to large values. Hence,
this allows increasing the splitting between squark and selp-
ton masses. Therefore, it is possible to have interesting values
for AaiUSY while keeping m, inside the experimental bounds.
Consequently, the values shown in Figure 8 are larger than the
ones of the models of the previous section. Despite the fact that
we find models with relevant values for Aa‘f,USY in the three
frameworks, the aLR 4-2-2 case is the only one that can solve
the muon g — 2 problem within 1 — ¢.

5. MUON g — 2 AND LEPTON-FLAVOR
MIXING EFFECTS

The SM does not predict flavor violation in the leptonic sec-
tor. Therefore, the observation of neutrino flavor oscillations
has been considered a solid manifestation of Physics Beyond
the SM. However, the phenomena that violate flavor have not
been yet observed in charged leptons (cLFV). SUSY theories
can predict some of these phenomena such as the LFV decays
li — lyy, where I; and [; are charged leptons with different fla-
vors [41, 42]. Figure 9 shows that the interaction and particles
that mediate these decays are similar to the ones that contribute

10000 ————w—

K000 A

6000 A

\
/

;5 (GeV

m,

1000 A

2000

I

200 "ad0 600 =00 1000 1200
p AN
gy (GaV)

FIGURE 7: Plane mg — m, for the aLR 4-2-2 scenario. The colors
represent the same models as in Figure 6 while the solid line
represents the area at the reach of the LHC. We denote now in
orange the models compatible with the muon g — 2 measure-
ments within 3 — ¢.

FIGURE 8: Plane AaﬁUSY — my, for the aLR 4-2-2 model. The col-
ors represent the same models as in Figure 6.

i(n) %(C) (’2"‘

FIGURE 9: Generic Feynman diagrams for y — e7 decay: [ rep-
resents a charged slepton (left) or sneutrino (right), and X(”)
and 7(©) represent neutralinos and charginos, respectively.

to the muon g — 2 shown in Figure 1. Therefore, it is interest-
ing to investigate whether the models that can solve the muon
g — 2 problem can also provide interesting predictions for cLFV
processes.

The models presented in the previous section assume fla-
vor universal soft terms, and thus, they do not include other
sources of flavor violation in addition to the ones of the SM.
However, the explanation of observed neutrino flavor oscilla-
tions [43, 44, 45, 46] requires an extension of this framework. In



Letters in High Energy Physics

LHEP-381, 2023

a forthcoming work, we will discuss in detail some of the pos-
sible scenarios [47]; here, we just present some results using the
general type I seesaw discussed in [23, 29].

In the seesaw scenarios, experimental data can be fitted by
extending the MSSM with renormalizable interactions. We con-
sider type I seesaw, in which neutrino masses of the order of
0.1eV can be obtained by introducing additional singlet RH
neutrino at the 10'® GeV scale. This mechanism can appear nat-
urally in GUTs without affecting the running of the gauge cou-
plings and, therefore, their unification.

In the 4-2-2 GUT, the breaking of the SU(2)g symmetry can
lead to different seesaw scenarios, in particular type 1.! Here,
we assume that the breaking of the GUT symmetry results in
MSSM superpotential, supplemented with a type I seesaw:

W = Wyissm + Yy €apHS NCL’S + M” NENE,  (18)

where Wyssy is the MSSM superpotentlal and Ny are addi-
tional superfields that contain the three singlet (right-handed)
neutrinos, vg;, and their scalar partners, 7g;, and MK, denote the
3 x 3 Majorana mass matrix for the heavy right-handed neutri-
nos. The full set of soft SUSY-breaking terms is given by

—Leogts1 = —Leoft + <m17>] 171*{11752

(19)

+ ”M’] o5 7% + Al I + .
NVRiVRj vI2VRilLj C.

where Ly contains the MSSM soft SUSY-breaking masses, and

(m2)), A
in the seesaw sector.

3 ,and By 7 are the new soft SUSY- -breaking parameters

The seesaw mechanism yields three heavy neutral mass
eigenstates that decouple at a high energy scale that we denote
as My . Below this scale, the effective theory contains the MSSM
plus a higher-dimensional operator that provides masses for
the light neutrinos:

1 _
W = Wussu + 5 (YoLH)T My (YyLHa). (20)

Although the predictions of the MSSM are not altered by
the additional operator, the running of the slepton masses from
Mgur to My is affected by the Dirac neutrino Yukawa coupling
matrix Y, that can be of the same order as the fermion Yukawa
couplings and therefore induce flavor changing terms on the
slepton masses such that they cannot be diagonalized on the
same basis as the lepton Yukawa Y;. For instance, in such a basis
and in the leading-log approximation [20], the slepton masses
take the following form:

(1), ~ s ok 248) (175t (),

(mg)ij ~0 (1)

3 M,
(Al)] 87T ZAOle (Yv Yl/) lOg( ]&ET) ’

IFor a review, see [48] and references therein.

leading to the prediction of LFV-charged lepton decays at one
loop through diagrams like the ones in Figure 9.

In [29, 30], we evaluated the predictions for LFV for several
GUT models; here, we follow the same procedure to specify the
seesaw parameters, namely, the RH neutrino mass matrix and
the product Ylf Y,. Asin [29], we use a simple but representative
scenario by considering a common RH neutrino mass for the
three species, M. Then, using the parametrization of Y, given
in [23, 29], we find

+ 2 Syt

Y, Y, = EMRUm,,U , (22)

where m¢ denote the diagonalized heavy and light Majorana

neutrino mass matrices, and the matrix U can be identified with
the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix.

The results presented in [29, 30] compare the LFV predic-
tions from several GUT theories with the LHC searches. How-
ever, the considered models on these frameworks cannot pro-
vide a significant contribution to the muon g — 2. In this section,
we use the aLR 4-2-2 models presented in the previous section.
In this framework, it is possible to select a class of models that
satisfy the phenomenological constraints listed in equation (14)
and, in addition, solve the muon g — 2 problem.

To compute the LFV BRs, in addition to the selection of
parameter of equation (17), we must provide the ones related
to the seesaw. This can be achieved by using some values for
neutrino masses compatible with the observed neutrino os-
cillations and a suitable scale for My. The choice of m =
Diag(1.1 - 1073,8-1073,5-1072) eV combined with the value
My = 2.5 x 1012 GeV leads to values for the BR(y — ey) of
the order of the current or projected experimental bounds for
SUSY models that can be tested at the LHC.

We find that the values of BR(T — py) in the type I seesaw
framework under consideration are one order of magnitude be-
low the BR(u — e7) ones, while the experimental bounds are
five orders of magnitude apart. Keeping this in mind, we can
present our LFV results using the y — ey decay as a refer-
ence. Figure 10 shows the prediction for BR(u — e7y) for mod-
els obtained in a parameter scan similar to the one presented
in the previous section. Here, we select models that predict
Aa%USY within 3 — ¢ in addition to satisfying the constraints
listed in equation (14). All the points on the figure predict neu-
tralinos with a relic density below the 5 — ¢ upper limit of
WMAP in equation (12). The ones marked in green are also
above the lower bound and therefore can explain the DM com-
position. We can also observe that the large variety of coan-
nihilation models presented by the sLR 4-2-2 models of Sec-
tion 3 is reduced to three: ¥ — x (orange +), T — 7 — x (red
x), and x*
where coannihilations with the NLSP (gray +) are not needed
to satisfy the WMAP bounds. The points with BR(z — e7)
above 10'? correspond to models with x* — x coannihilations.

— x (black +). In addition, we found some models



Letters in High Energy Physics

LHEP-381, 2023

9

107 = r——
F % Coann
10 Anibilations
10 E X ¥r Coann
+ %1 Coamn
10" Above Planck lower bound
0" -
5 3
’i\ 10 -
R § ]
[ 107 -
& F E
1015 -
107 [ .
10" L -
PpRL] ST ESCNE S I S W I -
0 100 200 300 400
m_(GeV)

FIGURE 10: Prediction for BR(yx — e7) versus m, for ALR 4-2-2
models. All the points are consistent with the upper DM limit
and can explain the muon (g — 2) within the 3 — o bound. The
green points are the subset of points that predict DM relic den-
sity inside the WMAP bounds at the 5 — ¢ level. The different
DM types of models are marked as: grey x (neutralino anni-
hilations), orange + (T — x coannihilations), red x (¥ — 7 — x
coannihilations and black + (x* — x coannihilations).

These models predict neutralino with a large wino component
that cannot account as the only DM component but it can ex-
plain the large contribution to Aa‘f,USY. In contrast, we find
many models that can explain DM and yet predict values for
BR(# — e) that can be explored in current experiments [18].

Therefore, we can conclude this section by emphasizing
that the SUSY contribution to the muon ¢ — 2 from the dia-
grams shown in Figure 1 is not necessarily correlated with a
violation of BR(yx — e) although they involve the same masses
and interactions displayed in the diagrams of Figure 9. Further-
more, the MSSM resulting from the aLR 4-2-2 model supple-
mented with a type I seesaw can explain both DM and muon
g — 2 without entering in contradiction with the current bounds
on LFV.

6. CONCLUSIONS

The SUSY extension of the SM can explain the recent exper-
imental values of the muon ¢ — 2 while predicting DM relic
density of cosmological interest. This requires a combination
of SUSY masses that may be fitted into a GUT, and therefore,
provide a signal of the symmetry group that unifies the SM
interactions. We presented the results from several GUT sce-
narios confronting three models with gaugino unification, such
as SO(10), with models where it can be relaxed, such as 4-2-2
models. Regarding the latter, we explored models that preserve
a symmetry between left and right fields (sLR 4-2-2) or violate
it (aLR 4-2-2).

The three unification groups mentioned above lead to
different relations among SUSY masses, and therefore, they
present different predictions for phenomena beyond the SM.
Indeed, LSP composition is different in each scheme allowing
for classification of the models based on the different character-
istics of the LSP that can satisfy WMAP bounds. We observed
that the class of models with ¥ — x coannihilations enhance
the SUSY contribution to the muon g — 2; this seems to fa-
vor 4-2-2 models over SO(10). Furthermore, between the two
realizations of the 4-2-2 studied, the one breaking the LR al-
lows a larger contribution. This is possible because the aLR 4-

2-2 framework allows simultaneously relatively light binos and
SUSY
H

to keeping m;, inside the experimental bound. Therefore, the

winos that enhance Aa and heavy gluinos that contribute
tension between both predictions is relaxed.

Regarding LFV, we considered one of the simplest seesaw
mechanisms to complement the models such that they can ex-
plain neutrino flavor oscillations.? In this context, we found
that models solving the muon g — 2 problem can be confronted
with the observation of 1 — e7. Despite the fact that the con-
tribution to both processes involve similar SUSY parameters,
the relatively low SUSY masses required to explain the muon
g — 2 do not imply a large LFV. Furthermore, many models on
aLR 4-2-2 framework can both explain muon g — 2 and provide
good prospects for the  — e in current experiments.
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